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Abstract
Lack of diagnostic capacity has been a crucial barrier preventing an effective response to
the challenges of malnutrition and tuberculosis (TB). Point-of-care diagnostic tests for TB in
immuno-incompetent, malnourished population are thus needed to ensure rapid and accu-
rate detection. The aim of the study was to identify potential biomarkers specific for TB
infection and progression to overt disease in the malnourished population of Melghat. A pro-
spective cohort study was conducted in the year 2009 through 2011 in six villages of the
Melghat region. 275 participants consisting of malnourished cases with a) active TB (n =
32), b) latent TB infection (n = 90), c) with no clinical or bacteriological signs of active or
latent TB (n = 130) and healthy control subjects (n = 23) were recruited for the study. The
proteome changes of the host serum in response toMycobacterium tuberculosis (M.tb)
infection were investigated using one dimensional electrophoresis in combination with
matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS). Three most differentially expressed proteins; alpha-2-macroglobulin (A-2-M), sero-
transferrin and haptoglobin were identified by MALDI-TOF MS analysis, which were up-reg-
ulated in the malnourished patients with active TB and down-regulated in the malnourished
patients compared with the healthy controls. Additionally, follow-up studies indicated that
the expression of these proteins increased to nearly two folds in patients who developed
active disease from latent state. Our preliminary results suggest that A-2-M, sero-transferrin
and haptoglobin may be clinically relevant host biomarkers for TB diagnosis and disease
progression in the malnourished population. This study provides preliminary framework for
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an in-depth analysis of the biomarkers in larger well-characterized cohorts. Evaluation of
these biomarkers in follow-up cases may further aid in improving TB diagnosis.
Introduction
Malnourishment is the most common cause of immunodeficiency worldwide [1, 2]. Impaired
immune status is an incitement for infections leading to chronic illnesses. Malnutrition and
tuberculosis (TB) are both problems of considerable magnitude in most of the underdeveloped
regions of the world [3]. Although the presence of malnutrition is a recognized risk factor for
the development of TB, the association of malnutrition with the extent of disease has not been
well studied. Limited efforts have been made in the identification of biomarkers for accurate
diagnosis of latent TB infection (LTBI) and progression to overt disease in populations where
both TB and malnutrition are widespread.
The different manifestations of infection withMycobacterium tuberculosis (M.tb) reflect the
balance between the bacilli and host defense mechanisms [4]. Protective immunity to TB has
been ascribed to innate as well as cell-mediated immune response [5]. However, prevalence of
malnutrition, poverty and other socio-economic problems profoundly affect the immune sys-
tem accounting for greater attributable risk to TB (Fig 1) [6].
Fig 1. Relationship betweenmalnutrition, infection and immunity.Malnutrition is considered the most relevant risk factor for illness and death. This
direct relationship between malnutrition and death is mainly due to the resulting immunodeficiency and, consequently, greater susceptibility to infectious
agents. Many factors affect the degree and distribution of malnutrition and micronutrient deficiency around the world, with poverty being the primary reason.
Other factors which are also deeply involved in malnutrition include: socioeconomic instability; impaired educational development; unsanitary conditions;
poor food practices and the shortage or ineffectiveness of nutrition programs.
doi:10.1371/journal.pone.0133928.g001
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The present study was conducted in the tribal belt of Melghat where malnutrition and TB
are the two leading causes of morbidity and mortality [7]. Our efforts in the identification of
biomarkers for active and latent TB in this population have been constant and ongoing. How-
ever, any immunomodulating factors affecting cellular immunity in vivo may impact on the
test performance in vitro often yielding false negative results [8]. Despite these considerations,
no immunodiagnostic test exists that can accurately diagnose active TB or distinguish asymp-
tomatic forms of infection that are associated with a high risk of disease progression in the mal-
nourished populations.
Given the paucity of data pertaining to TB and malnutrition, the present study aimed at elu-
cidating potential markers for TB diagnosis and disease progression in well-defined malnour-
ished cases from Melghat using comprehensive proteomics approach.
Materials and Methods
Ethics Statement
The study was approved by the Institutional Ethics Committee of the Central India Institute of
Medical Sciences (CIIMS), Nagpur, and that of the Meditation Addiction Health AIDS Nutri-
tion (MAHAN) Trust, Amravati, Maharashtra, India, and is in accordance with The Code of
Ethics of the World Medical Association (Declaration of Helsinki). Written consent forms
were collected from each participant after a detailed oral explanation about the study. Since the
study was also conducted on children, a written informed consent was obtained from the
immediate caretaker, or next of kin, prior to inclusion, on behalf of children participating in
the study.
Study Design and Participants
A prospective cohort study was conducted over a period of 2 years between May 2009 and June
2011 during the camps organized in the Melghat region of Maharashtra. This region has a high
incidence of TB along with other infectious diseases. The participants for the study were
recruited with the help of the MAHAN trust which provides medical care and health services
to the tribal communities living in the area. According to the information procured from the
trust, majority of the population shows signs of protein energy malnutrition and has nutrition-
ally deficient dietary habits and unsafe drinking water.
For the present study, detailed information from all participants regarding age, gender,
weight, height, daily dietary intake, occupation and education were recorded. Nutritional
assessment of the participants was done by dieticians through standardized questionnaires (S1
File) based on parameters described elsewhere [9]. In addition, each participant was also asked
to complete a questionnaire about his/her possible risk of exposure toM. tb, type and duration
of exposure with active TB patients, details of any prior Tuberculin skin test (TST), the pres-
ence of underlying illnesses, infections experienced in the last 3 months, medication, history of
previous TB or anti-TB treatment (ATT). The Bacillus Calmette—Guérin (BCG) vaccination
status was assessed based on examination of the BCG scar on left forearm.
A total of 419 participants were enrolled for the study. Of these individuals, a total of 63 par-
ticipants refused to give blood and were excluded from the study. Pregnant women (n = 12)
and children below the age of 10 years (n = 9) were also excluded to avoid the impact of BCG
reactivity on TST. 14 participants with invalid TST or QuantiFERON-TB Gold test (QFT)
results and 29 participants who had other bacterial/fungal or viral infections were also
excluded. The remaining 292 participants were recruited for further analysis. A minimum sam-
ple size of 267 participants was calculated. Fig 2 represents the inclusion/exclusion criteria
adopted for recruitment of the study population.
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Control group (n = 23). The participants in this group had no clinical, bacteriological fea-
tures of TB or any other diseases, had normal chest radiographs and had no history of ATT.
These individuals also had negative TST/QFT test results with no past or recent exposure to
active TB cases. This group consisted of individuals only with body mass index (BMI) values
ranging from 18 to 24.
Criteria for Malnourishment. All the recruited participants underwent nutritional assess-
ment and physical examination. Patients were weighed and their heights measured, whenever
clinically possible, using the scale available. Percentage of weight loss and BMI were calculated.
Screening for malnutrition involved assessment of BMI and nutrient intake. In addition, serum
determinations of leptin, albumin, globulin, total protein, total lymphocyte count (TLC), etc
were also done. Based on the nutritional assessment, a total of 269 malnourished participants
were selected; out of which 17 participants whose hematological/biochemical parameters could
not be evaluated due to insufficient sample volume were eliminated from the study.
Malnourished group with Active TB (n = 32). Malnourished participants with clinical
course consistent with active TB (fever, cough, suggestive X-ray) and sputum smear positive
forM.tb culture/ AFB bacilli were included in the present group.
Malnourished group with Latent TB (n = 90). This group consisted of individuals having
either a positive QFT/TST result with no evidence of active disease, negative chest radiograph
and no previous history of treatment. These participants were close contacts of active TB cases
with an exposure period of more than 3 months.
Malnourished group (n = 130). This group consisted of malnourished individuals with-
out TB (active or latent) or any other secondary illnesses.
Sample collection. 5 ml of venous blood was collected from all participants for the QFT
assay. Additionally, 5 ml of venous blood was collected and allowed to clot. Serum was sepa-
rated after centrifugation at 12000 r.p.m. The samples were stored at -20°C until they were
used. One aliquot of the samples was used to perform a complete blood count and evaluation
of other biochemical parameters. The other aliquot of samples were subjected to one dimen-
sional sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE).
Fig 2. Study participation diagram. The figure represents the inclusion/exclusion criteria adopted for
recruitment of the study population. The population was categorized into four groups namely: Malnourished
group with Active TB (n = 32), Malnourished group with Latent TB (n = 90), Malnourished group (n = 130) and
Healthy control group (n = 23) (Grey boxes indicate the groups included in the final analysis).
TB-Tuberculosis, TST-Tuberculin Skin Test, Cut-off point is atleast 10 mm, QFT- QuantiFERON-TB Gold,
Cut-off is atleast 0.35 IU/μl. TLC-Total leukocyte count, Hb-Hemoglobin count (g/ml)
doi:10.1371/journal.pone.0133928.g002
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Tuberculin Skin Test (TST) and QuantiFERON-TB Gold test (QFT). The TST was per-
formed by the Mantoux method using 5 tuberculin units (T.U.) of purified protein derivative
(PPD) (Span Diagnostics, India). The TST was administered intradermally by a certified tech-
nician and read after 48 to 72 hours. In accordance with the Revised National Tuberculosis
Control Programme, an induration of at least 10 mm was considered positive. Prior to per-
forming the TST, 5 mL of venous blood was drawn into two heparin-containing tubes to per-
form the QFT assay. The QFT was performed according to the manufacturer’s instructions
and 0.35 IU/mL was selected as the cut-off value.
Hematological and Biochemical parameters. Blood serum from the study participants
was used to perform a complete blood count including red blood cell count, total leukocyte
count, platelet and hemoglobin (Hb) count. Additionally, biochemical parameters like fasting
glucose, total protein, albumin and globulin were also evaluated in the serum. All measure-
ments were performed in the Pathology department, CIIMS, Nagpur using commercial kits
according to the manufacturer's recommendations.
Serum Leptin levels were estimated using SPIbio Human EIA kit. This Enzyme Immuno-
metric Assay (EIA) is based on the double antibody sandwich technique. In brief, serum sam-
ples were diluted in the EIA buffer and added in the pre-coated 96 well plate with anti—Leptin
antibody. The plate was then incubated for an hour and washed thrice with the wash buffer.
This was followed by addition of the anti-Leptin tracer to the wells which was again incubated
and washed thrice as above. Substrate solution was dispensed onto the plate, which was incu-
bated in dark and excess colour development was stopped by adding stop solution. The absor-
bance was read at 450 nm by a colorimeter. Concentration of leptin in the serum samples was
calculated by comparing the O.D. value of samples with the O.D. of standard leptin
concentrations.
One-dimensional SDS PAGE. Electrophoresis was performed with vertical slab gel elec-
trophoresis system (Biotech, Yercaud) by standard Laemmlli’s method using 10% running gel
and 5% stacking gel. Electrophoresis was carried out at 200 Volts. Serum sample volume corre-
sponding to 40 μg of protein concentration was added per well. Gels were developed by stain-
ing with Coomassie brilliant blue R-250 and the protein profiles were studied by densitometric
analysis. Band size (i.e., molecular weight) was estimated using molecular weight markers
(Genei, Bangalore, India).
Image Analysis. Image analysis was done using the Image Lab software 4.0 (Bio-rad Labo-
ratories) to create a reproducible and automated workflow for imaging and analyzing gels. The
relative quantity tool was used to create a comparative profile of control and test samples
which was represented in terms of pixel intensity. Using the auto analysis setting three protein
bands of molecular weight 165 kDa, 79 kDa and 47 kDa were identified as the most differen-
tially expressed bands. These prominent bands of the one-dimensional gel were then cut and
subjected to in-gel digestion.
In-gel digestion and MALDI-TOF MS. The in-gel digestion and MALDI-TOF MS of
each excised protein bands were kindly performed by Protein and Proteomics Centre, National
University of Singapore (Singapore). The proteins were identified by searching in the National
Centre for Biotechnology Information non-redundant (NCBInr) database using a MASCOT
program (http://www.matrixscience.com). No thresholding was applied to the MS/MS frag-
ment ions intensities.
Follow-up study. For follow up studies, participants were recruited based on the informa-
tion from earlier records available with us and also with the help of the MAHAN Trust. Based
on brief counseling; we were able to recruit 9 participants. The recruited participants were
screened for existing panel of TB biomarkers reported earlier in our laboratory using protocols
described elsewhere [10–14]. Based on the clinical course of TB infection, participants were
Utility of Host Biomarkers in Diagnosis of Tuberculosis
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categorized into three distinct groups. Category I consisted of individuals who had LTBI and
developed active disease. (n = 1). Category II comprised of participants who remained latently
infected, showing no evidence of active disease after follow-up analysis (n = 5). Category III
consisted of individuals who initially had active TB and continued to show symptoms of TB
after follow-up analysis (n = 3).
Statistical Analysis. The sample size calculations were done using Raosoft software (Rao-
soft, Inc.). The frequencies (percentage) of the demographic characteristics were measured on
a nominal scale. ANOVA test was carried out to test the significance of difference in the mean
levels of hematological parameters for the four study groups. Categorical variables were
described as mean ± standard deviation (SD). The level of significance was established for a
probability of 0.05 based on the Tukey correction. The association between the baseline param-
eters and the study groups was measured using the Χ2 Test and the agreement was calculated
by contingency tables using the contingency co-efficient. The level of significance was estab-
lished for a probability of 0.05. All tests were performed using GraphPad Prism (version 5.03)
and MedCalc statistical software (version 10.1.2.0). Graphs were plotted using GraphPad
Prism (version 5.03). Error bars represent mean ± standard deviation. Pie charts were drawn
using Microsoft Office Excel 2007. Comparison of TB biomarkers in follow-up cases was also
performed using Microsoft Office Excel charts with conditional formatting.
Results
Out of the 419 participants that were enrolled, a total of 275 participants who met the eligibility
criteria were included in the study for analysis. Sample description is presented in Table 1.
Among the 275 participants, 156 (56.7%) were males and 119 (43.3%) were females. Nearly
161 participants (58.6%) belonged to the 18–40 years age group. 252 (91.6%) participants
Table 1. Demographic characteristics of the population under study.
Characteristics Level Total number (Percentage)
Age (years) < 18 38 (13.8)
18–40 161 (58.6)
> 40 76 (27.6)
Gender Male 156 (56.7)
Female 119 (43.3)
BMI > 18.5 252 (91.6)
18.5–24 23 (8.4)
> 24 0 (0.0)
Malnourishment† Moderate 167 (66.3)
Severe 85 (33.7)
BCG Vaccination Yes 82 (29.8)
No 193 (70.2)
Socioeconomic status Low 188 (68.4)
Better 87 (31.6)
Dietary Habits Poor 193 (70.2)
Better 82 (29.8)
Characteristics of 275 subjects from Melghat are listed in the table. Percentages in different categories are indicated in parentheses. BMI- Body mass
index categorization recommended by World Health Organization (WHO). Severity of malnourishment was based on parameters assessed through
nutritional questionnaires. The socio-economic status was decided based on the Kuppuswamy rating system applicable to Indian families.
† Out of 252 subjects
doi:10.1371/journal.pone.0133928.t001
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belonged to the underweight category with BMI lower than 18.5. Individual nutritional assess-
ment indicated that as high as 193 (70.2%) participants had poor dietary intake and 85 (33.7%)
were severely malnourished. The BCG vaccination status was confirmed only in 82 (29.8%)
participants. 188 (68.4%) out of the total 275 participants belonged to the lower socioeconomic
group based on the Kuppuswamy rating system applicable to Indian families.
Evaluation of hematological parameters
Table 2 presents the comparison of hematological parameters in the four study groups. High
blood glucose levels were seen in the malnourished group with active TB compared to the
other study groups (P< 0.0001). Total serum protein, albumin, hemoglobin (Hb), red blood
cell (RBC) count and lymphocyte count (L %) were found to be significantly lower in the mal-
nourished group with active TB compared to the healthy control group. In contrast, the platelet
count, total leukocyte count, polymorphnuclear neutrophils (P %), eosinophils (E %) and
monocyte count (M %) were significantly elevated in the malnourished group with active TB.
The total blood cell count barring the RBC count was significantly higher in the malnourished
group with active TB compared to the malnourished group with latent TB. The malnourished
group was associated with lower levels of glucose, protein, albumin, RBC count, platelet count,
L% and Hb as against the healthy control group (P< 0.0001).
Baseline characteristics
Baseline characteristics of the study population are indicated in Table 3. Categorical variables
are described as the number of cases and percentages. Assessment of baseline characteristics in
the study groups indicated 83% TST positivity and 59% QFT positivity in the malnourished
group with latent TB as against 41% TST and QFT positivity each in the malnourished group
with active TB. In accordance with the inclusion criteria, the highest positive responders for
clinical parameters like weight loss, cough with and without expectorant, abdominal pain and
Table 2. Hematological parameters of the population under study.
Hematological parameters Malnourished with Active TB Malnourished with Latent TB Malnourished Healthy Control p value
n = 32 n = 90 n = 130 n = 23 (ANOVA)
Blood glucose (72 to 110 mg/dL) 79.36 ± 2.66 58.76 ± 3.63 53.99 ± 3.87 72.02 ± 2.45 P < 0.0001 *
Total protein (6.4–8.3 g/dL) 6.2 ± 1.5 6.53 ± 0.39 6.24 ± 0.83 7.84 ± 1.1 P < 0.0001 *
Albumin (3.5–5.0 g/dL) 3.50 ± 0.27 3.81 ± 0.45 3.4 ± 0.21 4.13 ± 1.8 P < 0.0001 *
Globulin (2.3–3.5 g/dl) 3.41 ± 0.55 3.33 ± 0.62 4.23 ± 0.57 3.42 ± 0.22 P < 0.0001 *
RBCs (4.3–6.2 x 106/cumm) 4.73 ± 0.67 4.95 ± 0.55 4.81 ± 0.56 5.49 ± 0.35 P = 0.9999
Platelets (150–400 x 103/cumm) 291.8 ± 68.9 227.43 ± 61.56 224.7 ± 72.06 243.4 ± 63.59 P < 0.0001 *
TLC/cumm (4000–11000/cumm) 8800 ± 3013 8490 ± 2509 8353 ± 1844 7853 ± 1653 P = 0.4539
P % (35–80%) 72.18 ± 2.43 69.32 ± 1.98 66.11 ± 2.57 61.98 ± 0.43 P < 0.0001 *
L % (40–75%) 32.15 ± 1.78 31.45 ± 2.1 28.97 ± 0.12 43.81 ± 2.32 P < 0.0001 *
E % (1–6%) 7.28 ± 0.67 5.58 ± 1.56 4.08 ± 1.26 3.5 ± 1.43 P < 0.0001 *
M % (2–10%) 3.4 ± 2.6 2.89 ± 0.98 2.15 ± 1.57 1.55 ± 0.58 P < 0.0001 *
Hb (g/dl) (14–18) 10.88 ± 1.5 11.07 ± 1.95 10.1 ± 2.1 14.20 ± 1.52 P < 0.0001 *
Hematological parameters of 275 subjects from Melghat are listed in the table. Complete blood count was done in the Pathology department, CIIMS,
Nagpur using commercial kits. The normal detection ranges of each parameter are indicated in the brackets. P < 0.05 was considered statistically
signiﬁcant. Values are reported as Mean ± SD. Statistical analysis was done using GraphPad Prism (version 5.03). Statistical variance between groups
was calculated using mean values through ANOVA test with Tukey post test.
* Statistically signiﬁcant when the signiﬁcance level is set as P < 0.05 based on the Tukey correction
doi:10.1371/journal.pone.0133928.t002
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chest pain were seen in the malnourished group with active TB. (Fever 88%, P< 0.0001;
Weight loss 72%; P< 0.0001; Cough with expectorant 47%, P = 0.0002; Cough without expec-
torant 72%, P = 0.0001; Abdominal pain 22%, P = 0.0001; Chest pain 47%, P = 0.0001). The
relationship between risk factors like smoking, tobacco chewing, alcohol consumption and the
study groups was also assessed. No significant association between smoking and alcohol con-
sumption with any of the study groups was observed (Χ2 = 3.103, P = 0.3759; Χ2 = 1.786,
P = 0.6179 respectively). 34% tobacco chewers belonged to the malnourished group with active
TB however the association was not very statistically significant (Χ2 = 9.331, P = 0.0252).
Mean BMI, Leptin, QFT and TST values in the different study groups
Fig 3 shows the comparison of mean BMI, Leptin, QFT and TST values in the different study
groups. The mean BMI values were significantly higher in the healthy control group compared
to the other groups (P< 0.05). Leptin, a marker of energy metabolism was found to be signifi-
cantly down-regulated in the malnourished group with active TB compared to the other groups
(P< 0.05). QFT results indicated that the malnourished group with latent TB had the highest
QFT values (indicated in terms of U/ml of IFN-γ secretion). The malnourished group with
active TB also showed significantly high mean QFT values however these were comparatively
lower than the malnourished group with latent TB (P< 0.05). The mean TST values (expressed
in terms of induration in mm) were also significantly higher in the malnourished group with
latent TB compared to the other study groups (P< 0.0005).
Image Analysis and MASCOT results
Three differentially expressed protein bands with molecular weights 165 kDa, 79 kDa and 47
kDa were identified by SDS PAGE analysis. Representative montage images for these differen-
tially expressed proteins are shown in Fig 4. The intensities of the three protein bands were
highest in the malnourished group with active TB compared to the other groups. However
Table 3. Baseline characteristics of population under study.
Baseline
characteristics
Level Malnourished
with Active TB
Malnourished
with Latent TB
Malnourished Healthy
Control
Χ2 Df p value Contingency
Coefﬁcient
n = 32 n = 90 n = 130 n = 23
QFT Positive 13 (41) 53 (59) 0 (0) 0 (0) 113.226 3 P < 0.0001 0.54
TST Positive 13 (41) 75 (83) 0 (0) 0 (0) 182.083 3 P < 0.0001 0.631
Fever Yes 28 (88) 21 (23) 26 (20) 0 (0) 71.317 3 P < 0.0001 0.454
Weight Loss Yes 23 (72) 17 (19) 26 (20) 0 (0) 49.903 3 P < 0.0001 0.392
Cough with
Expectoration
Yes 15 (47) 28 (31) 25 (19) 0 (0) 20.069 3 P = 0.0002 0.261
Cough without
expectoration
Yes 23 (72) 16 (18) 35 (27) 0 (0) 45.18 3 P = 0.0001 0.376
Abdominal pain Yes 7 (22) 4 (4) 0 (0) 0 (0) 33.048 3 P = 0.0001 0.328
Chest pain Yes 15 (47) 8 (9) 0 (0) 0 (0) 75.683 3 P = 0.0001 0.465
Smoking Yes 3 (9) 11 (12) 13 (10) 0 (0) 3.103 3 P = 0.3759 0.106
Tobacco Yes 11 (34) 23 (26) 34 (26) 0 (0) 9.331 3 P = 0.0252 0.181
Alcohol Yes 4 (13) 17 (19) 22 (17) 2 (9) 1.786 3 P = 0.6179 0.08
Characteristics of 275 subjects with the number of positive responders for each category are presented in the table. Percentages are indicated in
parentheses. The statistical variance between groups was calculated using Chi squared test and p value. P < 0.05 was considered statistically signiﬁcant.
Statistical analysis was done using MedCalc statistical software (version 10.1.2.0).
Df, Degrees of freedom.
doi:10.1371/journal.pone.0133928.t003
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there was a significant down-regulation of protein expression in malnourished cases compared
to the healthy control subjects.
Densitometric analysis
Densitometric analysis of the most differentially expressed proteins identified that the levels of
the three proteins in the malnourished with active TB samples were increased on an average by
Fig 3. Mean BMI, Leptin, QFT and TST values in different categories. Bar graphs represent the mean
values in different study groups. Graphs were plotted using GraphPad Prism (version 5.03). Error bars
represent mean ± standard deviation. BMI- Body mass index, TST-Tuberculin Skin Test, Cut-off point is
atleast 10 mm, QFT- QuantiFERON-TB Gold, Cut-off is atleast 0.35 IU/μl, Leptin values are indicated as
absorbance at 450 nm. Leptin levels were evaluated in serum SPIbio Human EIA kit.
doi:10.1371/journal.pone.0133928.g003
Fig 4. Representative 1-DE gel images of identified proteins in different categories. Boxes indicate the differentially expressed protein bands in
different study groups. Gel imaging and analysis was done using Image Lab software (version 4.0, BioRad). The protein bands in the test groups were
compared against healthy control group.
doi:10.1371/journal.pone.0133928.g004
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1.8 fold to 2.3 fold compared to the healthy control samples. In contrast, the levels of these pro-
teins in the malnourished samples decreased on an average by 2.1 to 2.9 fold. The protein levels
in the malnourished with latent TB cases were also found to be down-regulated on an average
by 2.3 to 4.3 fold compared to the malnourished group with active TB. Fig 5 presents the densi-
tometric analysis of the differentially expressed proteins in the four study groups.
Bioinformatics
The results of MALDI-TOFMS analysis are summarized in Table 4. Table also enlists the pro-
tein mass and score. Based on the mass spectrometric results and bioinformatics analysis the
three differentially expressed proteins were identified as Alpha-2-macroglobulin (A-2-M),
Fig 5. Expression of proteins by densitometric analysis. Pie charts represent the intensities of protein bands assessed by densitometric analysis in
different study groups. Gel analysis was done using Image Lab software (BioRad) (Version 4.0)
doi:10.1371/journal.pone.0133928.g005
Table 4. Mascot Search Results.
Protein identiﬁed Accession no. Mr Score Peptide matches Coverage
Alpha-2-Macroglobulin (A-2-M) gi|308153640 164613 676 35 21%
Sero-transferrin (Transferrin) gi|313104271 79294 691 35 35%
Haptoglobin IPI00641737 47378 485 16 24%
The peptide mass list from MS analysis was used to search the NCBI database using the MASCOT search engine (Matrix Science). The taxonomy used
was human or bacteria. Table lists the proteins identiﬁed by MS analysis together with details of individual mass value matches.
Mr, Relative molecular mass
doi:10.1371/journal.pone.0133928.t004
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Sero-transferrin and Haptoglobin. A-2-M and sero-transferrin showed 35 peptide sequence
matches with 21% and 35% coverage. Haptoglobin showed 16 peptide query matches with
sequence coverage of 24%.
Evaluation of TB biomarkers in follow-up cases
Follow-up studies were carried out to associate the expression of proteomic biomarkers with
existing markers of TB (Fig 6). The results revealed that the individuals who went on to develop
active disease from latent stage (Category I) showed significantly elevated antigen (30 kDa)
and antibody levels (Ag85B, Hsp-16, 45kDa, GroES, ESAT-6 and CFP-10) as well as increased
QFT and TST values. The titers ofM.tb antigen/antibody were significantly lower in individu-
als with latent infection (Category II) as compared to those observed in active TB cases. In con-
trast, the Rv2623 titers were found to be significantly raised in both original and follow-up
cases of latently infected individuals. Individuals with Active TB (Category III) showed consid-
erably increased antigen and antibody titers and decreased Rv2623 titers.
Discussion
Nutritional status of the host defines the ability of the immune system to prevent infection and
disease. Various reports are in common agreement that malnutrition is associated with
immune deficiency and increases susceptibility to infection [15–17]. The association of malnu-
trition and TB is also well recognized, as micro and macro deficiency impaired immune
response increases the risk of TB among malnourished individuals. These nutrient deficiencies
are also known to cause immunosuppression and dysregulation of the immune responses.
Accurate detection of both latent and active form of TB thus constitutes an important part of
health management programs in order to reduce the burden of TB in such populations. The
present study was an attempt to identify biomarkers of TB disease and disease progression in
the malnourished population of Melghat. All the participants recruited for this study belonged
to the Korku tribe which is dominant in this region. Based on the information procured from
the MAHAN trust, majority of the population here shows signs of protein energy malnutrition
(> 90%) [18]. In the present study, to ascertain the health status of the population we analysed
known parameters of malnutrition including dietary intake, BMI, leptin and serum determina-
tions of albumin, globulin, total protein, TLC etc. Based on our nutritional questionnaires we
observed that 70% of the population had poor dietary intake and 33.7% of the population was
severely malnourished. The obtained BMI values for the population also supported the catego-
rization of the selected population as malnourished. For further confirmation, we also evalu-
ated leptin in the collected serum samples. Leptin, a 16 kDa protein product of the obese gene
has been proposed to act as a link between nutritional status and immune function [19–22].
We observed decreased level of leptin in the malnourished group compared to the healthy
Fig 6. Evaluation of TB biomarkers in original and follow-up samples of the population under study.Chart shows a comparison between the levels of
TB biomarkers (30 kDa antigen, ADA; Adenosine deaminase, Mycobacterial Dormancy Regulon Protein Rv2623, Multiplex antigens; Ag85B;M.tb Ag85B
secretory protein, Hsp-16; 16 kDa heat-shock protein, 45kDa antigen, GroES;M.tb 10kDa chaperonin, ESAT-6; 6 kDa early secretory antigenic target and
CFP-10; 10 kDa culture filtrate protein, QFT; QunatiFERON-TB Gold test and TST; Tuberculin Skin Test) in original and follow-up cases of Melghat
categorized into three groups; Latent to Active TB group (n = 1), Latent to Latent TB Group (n = 5) and Active to Active TB group (n = 3).
doi:10.1371/journal.pone.0133928.g006
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controls. The malnourished with active TB group however showed the most down-regulated
leptin levels. Our results are consistent with the study done by Wieland CW et al wherein lep-
tin-deficient mice had a moderately impaired immune response leading to increased suscepti-
bility to pulmonary infection withM.tb [22]. In yet another study, decreased levels of leptin
were observed in mice with prolonged fasting and malnutrition [23]. Evaluation of hematologi-
cal parameters indicated that the malnourished group was associated with lower levels of glu-
cose, protein, albumin, RBC count, platelet count, L% and Hb when compared to the healthy
controls. Low albumin and RBC count have been regarded as constant features of malnutrition.
Several reports have suggested that the lowered RBC count may be an adaptation to low meta-
bolic oxygen requirements and decrease in lean body mass. Low L% in the malnourished indi-
viduals can be attributed to the thymic atrophy correlated with depletion of lymphocytes
causing impaired immunity [24, 25]. In contrast, the malnourished group with active TB was
associated with high TLC and P% which are hallmarks of acute inflammation.
Proteomics has emerged as a powerful approach for identifying disease biomarkers. The
technique has been intensively studied in TB disease and several promising candidates have
been developed to diagnose TB in various populations [13, 26, 27]. However, the existing bio-
markers appear to be inefficient in diagnosing TB in malnourished individuals due to their
impaired immune status [28, 29]. In our study, proteome analysis of malnourished individuals
with a) active TB, b) latent TB infection, c) with no clinical or bacteriological signs of active or
latent TB and healthy controls identified three most differentially expressed proteins namely;
Alpha 2-Macroglobulin (A-2-M), Sero-transferrin and Haptoglobin in the serum samples from
the four study groups. These proteins were found to be up-regulated in the malnourished
group with active TB as compared to the other study groups and significantly down-regulated
in malnourished group as compared to the healthy controls.
A-2-M and Haptoglobin are acute phase proteins (APPs) that have been previously reported
in the serum samples of TB patients [30–32]. A-2-M is a well known carrier protein that binds
to numerous growth factors and cytokines such as TNF-α, IL-6, IL-1β etc. These cytokines
have a crucial role in the defense againstM.tb infection, thereby suggestive of the functional
significance of A-2-M in TB disease [33, 34]. Haptoglobin is the primary hemoglobin (Hb)
binding protein in human plasma, which attenuates the adverse biochemical and physiologic
effects of extracellular Hb [35, 36]. Another APP identified by MS analysis was sero-transferrin
which is an iron-binding plasma glycoprotein that controls the level of free iron in biological
fluids [37]. In cellular models it has been reported that excess iron markedly increases myco-
bacterial growth [38, 39]. Thus the observed increase in sero-transferrin and haptoglobin in
the active TB patients may indicate the extent ofM.tb infection in these patients. Although
non-specific; APPs have been proposed as candidate biomarkers for active TB in various stud-
ies [40–42]. However, none of the studies were reported in malnourished TB populations. In
the present study, we report APPs as important biomarkers in the malnourished TB population
of the Melghat region. Interestingly, an increase in all the three identified proteins was observed
in participants who progressed to active TB from latent infection indicating their dual role as
disease progression markers in the malnourished population. Table 5 shows the functional
classification of proteins identified by MS analysis.
The acute phase response (APR) is a prominent systemic reaction of the organism to local
or systemic disturbances in its homeostasis caused by infection, tissue injury, trauma or sur-
gery, neoplastic growth or immunological disorders [43, 44]. Infection and malnutrition have a
synergistic relationship. It has been reported that malnutrition leads to negatively changed
hepatic synthesis which ultimately results in impaired APP response [45]. Thus, it is quite evi-
dent that the identified APPs including A-2-M, haptoglobin and sero-transferrin have critical
significance in malnourished individuals. However, the role of APPs in malnourished TB
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population is complex and needs to be elucidated for better understanding of the disease. Anal-
ysis in follow-up cases established a two fold increase in the level of the three proteins in indi-
viduals who progressed from latent to active TB. To further confirm the specificity of these
identified proteins in TB disease progression and sero-conversion, we correlated them with the
available panel of mycobacterial antigens and antibodies earlier established in our laboratory
[10–14]. The results demonstrated a positive correlation between APPs and TB-specific bio-
markers, for identification of latency and progression to active disease.
During TB disease, several cytokines are released as an immune response againstM.tb and
IL-6 plays a critical role in limiting the infection. IL-6 is the major mediator for the hepatocytic
secretion of APPs [46, 47]. However, during latent infection decreased levels of IL-6 and ele-
vated levels of IL-10 have been reported which may be the reason for the lower expression of
APPs in latently infected individuals [48]. Some studies suggest that release of IL-10 by the
Kupffer cells results in suppression of the local IL-6 production by gene suppression pathways
coactivated on receptor binding. This results in rapid hepatic removal of circulating cytokines
followed by down-regulation of hepatocytic APR [43] (Fig 7). In the presented evidences a
hypothesis can be generated that as the disease progresses from latent to active stage the secre-
tion of IL-6 increases which results in the gradual increase of APPs as an immune response
againstM.tb. An increase in the three APPs in participants who progressed from latent to
active TB supports our generated hypothesis.
The study provides significant information about the possible biomarkers for TB in the mal-
nourished population however suffers from small sample size. Despite intensive efforts we
were unable to collect significant number of follow-up samples because of the negligence of the
tribal population towards medical issues. Secondly, given the broad spectrum of functional sig-
nificance of APPs, inclusion of an additional group for infection control would be more com-
prehensible. Our observations thus require investigation in other infectious groups to further
confirm the study outcome.
In conclusion, the need for TB biomarkers in the malnourished population arises due to the
difficulty of accurately diagnosing TB infection. Proteomics offers the opportunity to develop
new biomarkers for early and accurate diagnosis. The identified proteins A-2-M, Haptoglobin
and Sero-transferrin may serve as important adjunct biomarkers for diagnosis of TB in mal-
nourished population. These identified biomarkers also play a crucial role in TB progression.
The study opens new avenues for further testing of the identified markers at the clinical point-
of-care which may lead to an inexpensive and valuable test to assist clinicians in diagnosing TB
in the malnourished population.
Table 5. Protein functions in tuberculosis andmalnutrition.
Protein Function References
Alpha-
2-Macroglobulin
Protease inhibitor and cytokine transporter. Alpha-2-macroglobulin levels have been
found to be signiﬁcantly raised during tuberculosis infection. Acts as a leptin binding
protein that inﬂuences the bioavailability of leptin in human plasma.
Birkenmeier G. et al, 1998; Adedapo KS
et al, 2009; Kumar PN et al, 2013
Sero-Transferrin Iron-binding blood plasma glycoproteins that control the level of free iron in biological
ﬂuids. Decreased level of transferrin causes protein energy malnutrition (Kwashiorkar,
Marasmus). Levels of transferrin are reduced in newly diagnosed PTB patients.
Le Banh et al, 2006; Fu YR et al, 2012;
Jain S et al, 2011
Haptoglobin Binds free hemoglobin released from erythrocytes with high afﬁnity and thereby
inhibits its oxidative activity. Decreased level of Haptoglobin causes decrease in Red
blood cell count and decreased amount of hemoglobin. Levels of haptoglobin are
reduced in newly diagnosed PTB patients.
John FM et al, 1998; Quaye IK et al, 2008;
Adedapo KS et al, 2009
Table enlists the roles of the three identiﬁed proteins in malnutrition and tuberculosis reported in various studies.
doi:10.1371/journal.pone.0133928.t005
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